Frequency selective surface (FSS) based on ceramic materials is very promising due to its high temperature bearing capacity along with stealth properties for high-speed aircraft. In this paper, modified silica ceramic, which is compatible for High Temperature Co-fired Ceramic (HTCC) technology, was investigated. The flexural strength of the Li 2 OK 2 OAl 2 O 3 doped silica ceramic reaches 163.65 MPa at a sintering temperature of 1325°C, which greatly surpasses that of conventional fused silica. The maximum density of the ceramic is 2.113 g/cm 3 . The dielectric constant is 4.37 and the dissipation factor is 0.0038 at 14 GHz. Based on the modified silica ceramic, a Jerusalem element FSS was designed and optimized. Results show that the Jerusalem element FSS owes its advantages to high transmission coefficient, appropriate bandwidth, flat pass band and stability with different polarizations.
Introduction
Radome stealth technology is one of the focuses of current stealth technologies. Radar antenna systems consist of radar antennas, radome and high-frequency components of the radar cabin and a strong scattering source in the nose region of an aircraft. Its stealth effect has a direct impact on the aircraft's stealth effect. 1) There are two ways to reduce an aircraft radar cross section (RCS) at present: One is a low RCS shape design and the other is radar absorbing coating technology. In order to reduce RCS as much as possible, a combination of the two approaches is often used by researchers.
2) However, due to the fact that the radar antenna system needs to ensure the normal transmission and reception of radar waves, the stealth methods mentioned above cannot easily be applied to antenna stealth.
3), 4) Therefore, radar antenna system stealth becomes a bottleneck of aircraft stealth. Currently, the most widely used technique is FSS for radome stealth.
2),5), 6) FSS is any surface construction designed as a "filter" for plane waves. This surface is comprised of periodically arranged metallic-patch elements or aperture elements within a metallic screen, which exhibit total reflection or transmission characteristics respectively in the neighborhood of the element resonance. 7),8) However, conventional FSS radomes based on organic materials are difficult to apply in high speed aircraft because of their relatively low applied temperature. So, an FSS radome based on inorganic ceramic with high temperature tolerance needs to be developed. Conventional ceramic radomes without stealth function are already in extensive use, but due to confidential reasons, there are few reports which show the research on ceramic FSS radomes. The ceramic materials used in hypersonic aircraft radomes are silica, boron nitride and silicon nitride ceramics.
9)16) Fused silica has generally been used as such a material for radomes due to its high chemical stability, low dielectric constant and loss tangent. 9) However, the low strength cannot meet the requirements for hypersonic aircraft. Introducing fine-scale fibers can improve the mechanical strength of fused silica, but the dielectric property is impaired. 17) Therefore, it is important to keep mechanical and dielectric properties balanced to meet practical application requirements.
In this paper, fused silica was used as a matrix for the dielectric material of a ceramic FSS radome. In order to obtain high bending strength and compatibility with HTCC technology of ceramic FSS, but not impair its dielectric properties significantly, Li 2 O K 2 OAl 2 O 3 was doped into the fused silica. The results indicate that the bending strength of the fused silica doped with Li 2 O K 2 OAl 2 O 3 has been greatly improved and the sintering temperature has adjusted to allow for metalceramic co-fire. Based on the modified fused silica dielectric, a dual screen bandpass ceramic FSS radome was designed.
Experimental procedures and results

The properties of pure silica
According to the crystal phase transition theory of silica ceramic, the sintering temperature of pure silica we selected was between 1100 and 1300°C. Figure 1 shows the XRD profiles of pure silica achieved from different sintering temperatures and 2 shows its SEM photos. It can be seen that when the sintering temperature is low, there are no obvious diffraction peaks, and the samples are amorphous. With the increase of sintering temperature, diffraction peaks appear gradually, and crystallinity increases gradually.
Figure 3(a) shows the flexural strengths and densities of pure silica in different sintering temperatures. It can be known that the flexural strengths are less than 16 MPa and the densities are less than 2.2 g/cm 3 . Figure 3 (b) shows the microwave dielectric properties of pure silica measured at 14 GHz by resonance cavity method. The results show that the dielectric constant of pure silica varies from 2.68 to 3.77 and the dissipation factor varies from 0.0041 to 0.0092 when the sintering temperature increases from 1125 to 1275°C. In general, pure silica has good microwave dielectric properties and low density. But its flexural strength is too low, so it cannot meet the requirements for hypersonic aircraft. In order to increase the flexural strength of silica ceramic, we try to implement a doping modification on it.
The preparation of doped silica ceramic
In our study, the doped silica ceramic was obtained through a high temperature solid-state reaction sintering method. The raw materials we used were SiO 2 , Al 2 O 3 , K 2 CO 3 and Li 2 CO 3 . The platinum electrode we used as the metal layer of ceramic FSS radome was from the Kunming Institute of Precious Metals of China, and its upper limit of sintering temperature was 1460°C. In order to improve the flexural strength of the fused silica, Al 2 O 3 , K 2 CO 3 and Li 2 CO 3 were used as sintering additives. The sintering temperature was controlled between 1300 and 1400°C. The mass fractions of raw materials in the samples were 86.33% SiO 2 , 3.38% Al 2 O 3 , 6.41% K 2 CO 3 and 3.84% Li 2 CO 3 . The mechanical property, density and dielectric properties of the samples were measured. Figure 4 shows the XRD profiles of the samples achieved from different sintering temperatures. It can be seen that when the sintering temperature is low, the main phase of the sample is tridymite and there are no more prominent peaks. As the sintering temperature increases, the intensity of diffraction peaks of the tridymite phase weakens. At the same time, new diffraction peaks appear at the diffraction angles near 28 and 32°, which indicate that a new substance is generated. Compared with standard PDF cards, the new substance is LiAlSi 2 O 6 and it only appears when the sintering temperature is above 1350°C. LiAlSi 2 O 6 's emergence will reduce the flexural strength of the samples because the content of sintering additives melt into glass phase decreases.
Experimental results and discussion
The SEM photos of the samples in different sintering temperatures are shown in Fig. 5 . As can be seen from the figure, at 1300°C, the doped silica ceramic's surface has minor undulations as well as white particles and spots; these may be impurities which do not melt sufficiently. As the sintering temperature gradually increases, the samples melt into a further glassy state, the surfaces become smoother and the melting transition becomes complete. The surfaces of the samples are smooth without voids, pores or cracks and they largely melt into a glassy state with a very dense structure, therefore, the flexural strength of silica ceramic is expected to be improved compared with fused silica. Figure 6 (a) shows the flexural strengths and densities of the samples in different sintering temperatures. It can be known that the flexural strength varies from 146.58 to 163.65 MPa and the density varies from 2.092 to 2.113 g/cm 3 . As expected, LiAlSi 2 O 6 's emergence reduces the flexural strength by a small amount. Flexural strength and density have the same changing trend. The flexural strength has greatly improved compared with that of fused silica of 43 MPa but the density is only slightly different to that of fused silica of 2.2 g/cm 3 . 9) As sintering additives, Al 2 O 3 , K 2 CO 3 and Li 2 CO 3 not only reduce the sintering temperature, but also convert into liquid glass phase in the sintering process. The liquid glass, which bonds silica particles together, leads to a dense structure, thus greatly improving the flexural strength.
At the resonant frequency of about 14 GHz, the microwave dielectric properties change with the sintering temperature as shown in Fig. 6(b) . Results show that the dielectric constant of the ceramic varies from 4.37 to 4.58 and the dissipation factor varies from 0.0038 to 0.0053 when the sintering temperature increases from 1300 to 1375°C. The dielectric constant and the dissipation factor have similar changing trends and the dielectric properties are best at 1350°C. The dielectric constant and dissipation factor of fused silica are 3.42 and 0.0004. 9) Compared with fused silica, the dielectric properties of doped silica ceramic have deteriorated, but they are still within an acceptable range.
9) It can be seen that the glass modified ceramic possesses the appropriate flexural strength, density and dielectric properties as a radome material. In order to verify that ceramic can be used as the material of FSS radome in theory, we then used it as the dielectric layer in the design of a ceramic FSS radome. It is well known that Jerusalem FSS has good frequency characteristics, especially the center frequency of the pass band, which does not change with the change of incidence angle. 18) Therefore, in our design, a Jerusalem FSS was simulated in CST Microwave Studio.
A Jerusalem element FSS is described in Fig. 7(a) . The gray part is metal platinum and the white part is the aperture. The dielectric loading mode is shown in Fig. 7(b) . The material of the dielectric layers is the silica ceramic we have obtained, which has a dielectric constant set at 4.37 and a dissipation factor set at 0.0038. In the model, the boundary conditions are set as: Set two Floquet ports at the Z direction as the incident and exit ports of electromagnetic waves, X and Y directions are set as unit cell, Z direction is open (add space). Then we use the frequency solver in CST Microwave Studio to calculate the model's frequency response characteristics. Figure 7 (c) shows the frequency response of Jerusalem FSS at normal incidence as obtained from full-wave EM simulations in CST Microwave Studio. As can be seen from the figure, for TE polarization, the center frequency is 9.075 GHz, in-band insertion loss is 0.604 dB, ¹1 dB bandwidth is 1.177 GHz and for TM polarization, the center frequency is 9.06 GHz, in-band insertion loss is 0.56 dB, ¹1 dB bandwidth is 1.185 GHz. Thus, the center frequency, transmittance and ¹1 dB bandwidth of Jerusalem FSS for different polarization of incident electromagnetic wave has good stability. As shown in Fig. 7(c) , the reflection coefficient S21 and transmission coefficient S11 curves of TE and TM polarizations are very similar. The small insertion loss of about 0.6 dB, which is mainly contributed by the loss of dielectric, indicated that our modified ceramic can fit the requirements of FSS. Of course, as a filter, the Jerusalem FSS does not have ideal out-of-band rejection performance for either TE or TM polarized incident wave. It may need further optimize in the design of the FSS element. The stability of incidence angle is the key performance of FSS. Figure 7(d) shows the changing curves of S21 of Jerusalem FSS with the change of incidence angle for TE polarization. The figure shows that as the incidence angle of the TE wave increases, transmission coefficient decreases, in-band insertion loss increases, and pass band flatness becomes worse. When the incident angle is 50°, the in-band insertion loss is significantly increased, so the stability of the incident angle can be maintained around 40°.
In summary, Jerusalem FSS based on our glass modified silica ceramic has a high transmission coefficient, appropriate bandwidth and a flat pass band, so the ceramic we have obtained can be used as the dielectric material of a FSS radome.
Conclusions
Fused silica doped with Li 2 OK 2 OAl 2 O 3 was fabricated as a radome material by the high temperature solid-state reaction sintering method. The flexural strength of the ceramic can reach 163.65 MPa. The dielectric constant of the ceramic is 4.37 and the dissipation factor is 0.0038 at the resonant frequency of about 14 GHz when the sintering temperature is 1350°C. Based on the dielectric characteristics of the doped silica, a Jerusalem FSS was designed. It was found that the Jerusalem FSS has high transmission coefficient, appropriate bandwidth, flat pass band and stability with different polarizations. These results reveal that the modified silica ceramic might be suitable for a stealth ceramic radome.
